Abstract-This paper deals with the design of a speed-adaptive full-order observer for sensorless induction motor (IM) drives. A general stabilizing observer gain matrix, having three free design parameters, is used as a design framework. A gain-scheduled selection of free design parameters is proposed. Furthermore, the full-order observer is augmented with the stator-resistance adaptation, and the local stability of the augmented observer is analyzed. The performance of the proposed full-order observer design is experimentally compared with a reduced-order observer using a 2.2-kW IM drive.
I. INTRODUCTION
It is well known that instability phenomena can arise in sensorless control of induction motor (IM) drives, especially in the regenerative low-speed region [1] and also in highspeed operation [2] . The observer, which is used for estimating the flux and rotor speed, requires appropriate gains to avoid these problems. Tuning the gains is challenging, and the local stability for all operating points (complete stability) is difficult to achieve, even if parameter estimates are assumed to be known accurately. Furthermore, the observers are sensitive to errors in model parameters, particularly to the stator resistance estimate at low speeds.
Various sensorless schemes have been proposed in the literature, e.g., reduced-order observers [3] , [4] and full-order flux observers [5] - [7] . Properties of the both types of observers highly depend on their gains. A general stabilizing gain for the reduced-order observer was presented in [4] . The reducedorder observer is simpler to implement and tune than the fullorder observer, but it can be more sensitive to noise at high speeds (for a similar dynamic performance).
The full-order observer has four degrees of freedom in the selection of the two observer gains, which complicates the design procedure. A general stabilizing observer gain matrix for the full-order observer was derived in [6] , where also a gain-scheduling design of three free design parameters was proposed. This original gain design guarantees sufficient damping in every operating point, but it leads to high sensitivity to model parameter errors at lowest speeds.
Because the induced electromotive force (EMF) at low speeds is very small, the mismatch of the voltage drop across the stator resistance has a serious influence on the flux and speed estimation. To improve low-speed operation, the reduced-order observer can be augmented with a resistanceadaptation scheme [4] . On the other hand, completely stable stator-resistance adaptation schemes are not available for the speed-adaptive full-order observer (except for some special structures [8] , [9] ).
In this paper, a gain-scheduling design for the full-order observer is proposed, using the general stabilizing gain matrix given in [6] as a design framework. Furthermore, the local stability of the full-order observer, augmented with the statorresistance adaptation mechanism, is analyzed. The performance of the proposed full-order observer design is experimentally compared with the reduced-order observer design presented in [4] using a 2.2-kW IM drive.
II. IM MODEL
The inverse-Γ model of an induction motor shown in Fig. 1 is considered. The electrical dynamics in coordinates rotating at the angular speedω s of the rotor flux estimate are given by
where
Original gain design: the first subplot shows the design parameters l, r, and x; the second and third subplots show the resulting observer gain components as function ofωm.
The space vector
T the stator voltage, and ψ R = [ψ Rd , ψ Rq ] T the rotor flux. The total resistance is R σ = R s + R R , where R s is the stator resistance and R R the rotor resistance. The leakage inductance is L σ , the magnetizing inductance is L M , the inverse rotor time constant is α = R R /L M , and the electrical rotor speed is ω m .
III. FULL-ORDER FLUX OBSERVER

A. Observer Structure
The speed-adaptive full-order observer is expressed as [5] 
where " ∧ " denotes the estimated values. The state estimate and the observer system matrix arê
respectively, where the total resistance estimate isR σ =R s + R R . The observer gain matrix is The general stabilizing observer gains are [6] 
where l > 0, r > 0, and x can be freely chosen. 1 With these gains, the closed-loop estimation error dynamics are locally stable in any operating point (for positive k p and k i ).
The rotor speed estimate is obtained using the conventional adaptation lawω
where k p and k i are the speed adaptation gains. The current estimation errorĩ s = i s −î s , and estimation errors of other variables are marked similarly. If the observer is implemented in estimated flux coordinates, the flux estimate
T . In these coordinates, the speed adaptation law (5) reduces tô 
B. Gain Design
The selection of the free design parameters l, r, and x significantly affects the robustness, damping, convergence rate, and other properties of the system. In order to achieve good performance, it is necessary to vary these parameters as a function of the speed estimate (or the stator frequency).
1) Original Design:
In [6] , the goal in the selection of the free design parameters has been to guarantee sufficient damping for all operating points. The relationships between the design parameters l, r, and x and approximate open-and closed-loop pole locations have been derived. Based on these relationships, the following parameters were given:
where ω min is a design constant. In the following, ω min = 0.1 p.u. is used. The speed adaptation gains were selected as
where J is the total moment of inertia and the design constant δ can be interpreted as the specified speed tracking error during the ramp acceleration under the rated torque T N . It can be seen that k i is proportional to the stator frequencyω s and inversely proportional to the squareψ 2 R of the estimated flux magnitude. I.e., the speed adaptation gain can be formulated as
The design parameters l, r, and x as well as the resulting components of K s and K r as function ofω m are shown in Fig. 2 . The parameters of a 2.2-kW 400-V IM given in Table I are used. As shown in Appendix A, the dynamics of the observer become equivalent to those of the pure voltage model at zero stator frequency (since l = 0 atω s = 0). Due to this undesirable feature, the drive cannot be operated at zero frequency without load (i.e., dc magnetization), which complicates the starting of the drive. Furthermore, the observer design is very sensitive to the errors inR s at lowest frequencies due to the voltage-model-like behaviour, which may cause serious problems, e.g., in speed reversals.
The nonlinear estimation-error dynamics are governed by (1) and (2) together with the speed-adaptation law (5) . Local dynamic properties of this nonlinear system can be studied by means of the linearized model (Appendix B). The eigenvalues of the linearized estimation-error dynamics with the original gain design are shown in Fig. 4 . It can be seen that the damping is sufficient at all speeds.
2) Proposed Design: The observer gain proposed in [10]
yields well-damped and comparatively robust estimation-error dynamics at higher speeds. The function f is shown in Fig. 6 , and it can be expressed as The tuning parameters z and ω ∆ are positive constants. 2 The drawback of (9) is that an unstable region at low speeds in the regenerating mode exists [11] . In the proposed design, the free parameters of (4) are selected so that the observer gains at higher speeds resemble those in (9) . This goal can be achieved by choosing
where the function f given in (10) depends onω m . As an example, the design parameters l, r, and x as well as the resulting components of K s and K r as function ofω m are shown in Fig. 3 , where the two positive design constants are selected as: ω ∆ = 0.5 p.u. and z = 0.3 p.u. It can be seen that l is always positive, and the voltage-model behavior is avoided. Furthermore, it can be seen that the gains are constant at speeds higher than ω ∆ . It is to be noted that both x = 0 and x =ω m l lead to simple observer gain components, cf. (4). The selection given in (11c) was made based on the damping. The speed adaptation gains are selected as
where k ′ i = 0.5 p.u. is used in the following. The eigenvalues of the closed-loop system with the proposed gain design are shown in Fig. 5 . A completely stable, well-damped, and comparatively robust system is achieved.
C. Stator-Resistance Adaptation
For improved low-speed operation, the observer can be augmented with the stator-resistance adaptation laŵ
which in estimated flux coordinates reduces tô
Unfortunately, the closed-loop dynamics become very complex. Hence, instead of trying to derive analytical stability 2 The scaling of the tuning parameter z differs slightly from the original paper: z = α ′ Lσ, where α ′ refers to the tuning parameter used in [10] . conditions, the stability analysis and the adaptation gain design is carried out using numerical methods in the following. Based on the results of extensive numerical eigenvalue analysis and computer simulations, the sign of the statorresistance adaptation gain k R should depend on the stator frequency. Furthermore, the gain k R is made to decrease linearly with the increasing frequency due to poor signalto-noise ratio of stator-resistance estimation at higher stator frequencies. The gain is realized as
where the function k ′ R is shown in Fig. 7 . The function can be expressed as
where A and ω δ are positive constants. The resistance adaptation causes an unstable region in the low-speed region, which is very difficult to avoid by means of gain scheduling. However, this unstable region can be made relatively narrow, if a low value for k ′ R is used. In the following, ω δ = 0.25 p.u. and A = 0.005 p.u. are selected. As an example, the eigenvalues at the rated flux and rated slip frequency are shown in Fig. 8 : the resulting unstable region is 0 ≤ ω s ≤ 0.0422 p.u. in the motoring mode.
IV. REDUCED-ORDER OBSERVER
The reduced-order flux observer proposed in [4] is used as a benchmark method in the following experimental tests. The observer structure in estimated rotor flux coordinates is
where G is the observer gain matrix. The two expressions for back EMF induced by the rotor flux are
An inherently sensorless observer is obtained by selecting the observer gain matrix G as
The general stabilizing gain corresponds to the gain components
which depend on the estimated speed. The observer is locally stable for all positive values of the design parameter b and c with accurate model parameters. The rotor speed is estimated using the slip relation. The reduced-order observer is augmented with the stator resistance adaptation as described in [4] . Furthermore, the tuning of the observer (in per-unit values since the motor is not the same) corresponds to that proposed in [4] .
V. EXPERIMENTAL RESULTS
The proposed full-order observer gain design, the original gain design, and the benchmark method were compared by means of experiments. A 2.2-kW four-pole IM was used in the laboratory experiments. The IM was fed by a frequency converter controlled by a dSPACE DS1103 PPC/DSP board. A servo motor was used as a loading machine. The total moment of inertia of the experimental setup is 0.015 kgm 2 . The speed was measured using an incremental encoder for monitoring purposes.
The speed-sensorless control algorithms were implemented in the dSPACE board. The other parts of the control algorithm [speed controller, current controller, pulse-width modulator (PWM), magnetic-saturation model, etc.] and their tuning were kept the same for all the observers. 
A. Comparison With Original Gains
Due to the voltage-model behavior at zero frequency, it was difficult to start the motor in the experiments from zero speed with the original gain selection. Hence, the motor was first started using the proposed gains and then switched to the original gains at nonzero frequency. Fig. 9 shows the results of no-load speed reversals using the original and proposed gains. The speed reference was ramped from 0.06 p.u. to −0.06 p.u. and then reversed back to 0.06 p.u. within 3 s. The stator-resistance adaptation was disabled. It can be seen that the system with the original gains becomes unstable in the low-speed region. On the other hand, there are no problems when the proposed gains are used.
B. Comparison With Reduced-Order Observer 1) Operation At Medium and High Speeds:
Medium-speed operation is shown in Fig. 10 . The speed reference was stepped to 0.5 p.u. at t = 1 s and stepped to zero at t = 4 s, and rated-load torque was applied at t = 2 s and removed at t = 3 s. Results did not show significant differences between the performance of the full-order and reduced-order observers at medium speeds (or even at low speeds, if the stator-resistance adaptation was disabled). Fig. 11 shows the results of high-speed operation. The speed was stepped to 1.5 p.u. at t = 0.5 s and a 60% of the rated load was applied at t = 1.5 s. It can be seen that the reduced-order observer is more sensitive to noise (which follows particularly from the PWM operating at the border of the overmodulation region). It is worth noticing that the effect of the noise could be reduced by decreasing the dynamic performance of the drive (i.e., the bandwidth of the speed controller).
2) Stator-Resistance Adaptation at Lowest Speeds: Fig. 12 shows the experimental results of low-speed reversals. The rated load torque was stepwise applied at t = 1 s. The speed reference was slowly ramped from 0.06 p.u. to −0.06 p.u., and then back to 0.06 p.u. in 30 s. This test is be very challenging, since motoring, plugging, and regenerating are gone through and the stator frequency is very low. Successful stator-resistance adaptation makes the system more robust against temperature changes, and it is possible to repeat the test without problems. It can be seen that the reducedorder observer augmented with the stator-resistance adaptation scheme works well. When the augmented full-order observer is used, the system is stable, but there are visible oscillations in the stator resistance estimateR s after t = 24 s (as the drive enters the motoring mode), indicating a higher risk of instability. This agrees with the eigenvalue analysis shown in Fig. 8 : the statorresistance adaptation causes a narrow unstable region in the low-speed operation. Furthermore, when the parameter k ′ R was increased, the oscillation inR s became worse.
VI. CONCLUSIONS
The gain-scheduling design for the speed-adaptive full-order observer was proposed. In order to guarantee the complete stability with accurate model parameters, the gain design was based on the general stabilizing gain [6] . Compared to the original design in [6] , the proposed gain design improves the robustness against model parameter errors at lowest speeds. Furthermore, the full-order observer was augmented with the stator-resistance adaptation scheme. Based on extensive numerical eigenvalue analysis, the estimation-error dynamics of the augmented full-order observer are very difficult to completely stabilize (while the unstable region can be made very narrow by slowing down the dynamics of the resistance adaptation).
The full-order flux observer was compared with the reducedorder flux observer using experimental tests of a 2.2-kW IM drive. Experimental results indicate that the full-order flux observer has slightly better noise rejection at higher speeds. However, the reduced-order observer is more favorable at low speeds, since it can be augmented with the completely stable stator-resistance adaptation scheme.
APPENDIX A FLUXES AS STATE VARIABLES
If the stator flux and the rotor flux are selected as state variables, the state-space representation becomes
where the total leakage factor is σ = L σ /(L M + L σ ). An observer dx
is equivalent to the observer in (2) if
holds for the observer gain matrices [2] . Hence, the stabilizing observer gains in (4) are transformed to 
It can be seen that choosing l = 0 leads to K ′ s = −R s I (for any r and x), i.e., the dynamics ofψ s become equal to those of the pure voltage model [2] . Hence, selecting l = 0 should be avoided.
APPENDIX B LINEARIZED MODEL
Using (1) and (2), the linearized dynamics from the inputs ω m andR s to the outputĩ s become
where operating point quantities are marked with the subscript 0 and ω r0 = ω s0 − ω m0 is the angular slip frequency. (25) and (28), the eigenvalues of the closed-loop estimation error dynamics can be evaluated.
If the stator-resistance adaptation is disabled, its effect can be easily dropped out from the above equations.
